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Pollen germination and tube growth are of essential importance to sexual reproduction of ﬂowering
plants. Several biological processes including cell wall biosynthesis and modiﬁcation are known to
be involved in pollen tube growth, though the underlying molecular mechanisms remain largely to
be investigated. Here we report the identiﬁcation and functional characterization of the Arabidopsis
gene Cdi, which encodes a putative nucleotide-diphospho-sugar transferase. Cdi is preferentially
expressed in pollen grains and pollen tubes. Transient expression of Cdi:GFP fusion protein showed
that CDI is localized in the cytosol. Mutation in Cdi impaired pollen germination and pollen tube
growth thus leading to disrupted male transmission. These results suggest that Cdi is an essential
gene required for pollen germination and tube growth.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Pollen germination and tube growth are pivotal to the delivery
of the male gametes to the female gametophytes during sexual
reproduction of ﬂowering plants [1]. Several biological processes,
including dynamic changes in actin cytoskeleton, active membrane
trafﬁcking, intracellular signaling and biosynthesis/modiﬁcation of
cell walls, have been identiﬁed as involved in pollen tube growth
[2–5].
Pollen tubes grow exclusively at their tips, where the cell wall is
continually formed and composed of a single pectin layer. The rest
of the cell wall regularly consists of two layers, the inner sheath
and outer coating, which contains mainly callose or pectin with
cellulose and hemicellulose [4,6]. To accommodate fast tube
growth, these tube wall constituents need to be produced and
assembled rapidly and precisely.
So far, several proteins involved in biosynthesis and modiﬁca-
tion of cellulose, hemicellulose and pectin are known to be re-
quired for pollen tube growth [7–12]. For example, the Male
Gametophyte Defective (MGP) genes MGP2 and MGP4 encode gly-
cosyltransferases (GT) that function to synthesize pectic rhamno-
galacturonan II (RG-II). Functional disruption of MGP2 and MGP4
signiﬁcantly inhibited pollen germination and tube growth
[13,14]. Mutation in MGP4 even reduced root growth [14]. Otherchemical Societies. Published by EGT-encoding genes known to be involved in pollen tube growth
are the Cellulose Synthase-Like D genes CSLD1 and CSLD4, which
are highly expressed in mature pollen grains and pollen tubes
[12,15]. Mutations in CSLD1 and CSLD4 caused a signiﬁcant reduc-
tion in cellulose deposition in tube walls and a remarkable disorga-
nization of callose, hence disrupting normal pollen germination
and tube growth [15]. Additionally, impaired polar growth of root
hairs or xylem was also observed in CSLD1 and CSLD4 mutant
plants [12], indicating additional function for these genes. Given
that only a very few genes have been identiﬁed to bridge pollen
tube growth and wall constituent synthesis and modiﬁcation, the
underlying mechanisms remain largely to be investigated.
In the current study, we characterized a gene Cdi (At1g64980)
which encodes a putative nucleotide-diphospho-sugar transferase
superfamily protein with a DXD motif and is expressed preferen-
tially in mature pollen. We further demonstrated that CDI plays
an essential role in male fertility via pollen tube growth regulation
in Arabidopsis.
2. Materials and methods
For this study, full length cDNA fragment of Cdiwas obtained by
RT-PCR and 50-RACE, and subcloned to generate various constructs
for further assay. A T-DNA insertion line was screened by PCR
methods and subjected to complementation assay using construct
pCAMBIA1300-LAT52/Cdi. Details of Materials and Methods could
be found in Supplementary data.lsevier B.V. All rights reserved.
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Fig. 2. Cdi is preferentially expressed in pollen grains and pollen tubes. (A)
Histochemical analysis of GUS activity in inﬂorescence of 35 day-old-plant harbor-
ing pBI121-Cdi/GUS construct. (B) Close-up imaging of GUS activity in pollen grains
on stigma. (C) GUS activities in mature stamen. (D) mature pollen grain. (E and F)
Pollen germinated in vitro.
Table 1
Genetic assay of male transmission in atcdi-1/+ mutant by reciprocal crosses.
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3.1. Isolation and characterization of Cdi
At1g64980 was initially identiﬁed as a Cd2+-induced gene and
thus assigned the name Cdi (data not shown). RT-PCR and 50-RACE
analyses showed that Cdi contains one exon, with an intron in the
50-UTR (Fig. 1A). A T-DNA insertion was localized 107 bp upstream
of the Cdi stop codon (Fig. 1A) in SALK_132416 line (cdi-1), but we
were unable to identify homozygotes by PCR screening methods
[17], although heterozygotes were frequently identiﬁed (Fig. 1B).
These results suggested that the protein encoded by Cdi might be
involved in sexual reproduction. Consistent with this hypothesis,
Cdi expression in cdi-1/+ pollen was reduced to nearly half of the
wild type level (Fig. 1C).
Further quantitative RT-PCR analyses showed that Cdi is ubiqui-
tously expressed in many organs/tissues, but that the expression
level is signiﬁcantly higher in pollen (Fig. 1D), consistent with
microarray analyses using Genevestigator [16]. To further
characterize the expression pattern of Cdi, histochemical analyses
were performed. As expected, GUS activity was observed in ﬂowers
at late developmental stages, and in pollen grains on stigma
(Fig. 2A and B). In isolated stamen, GUS activity was speciﬁcally de-
tected in pollen grains (Fig. 2C). GUS activities were also detected
in germinated pollen and pollen tubes (Fig. 2E and F). These data
suggest that CDI may be involved in pollen development or tube
growth.
3.2. Functional disruption of Cdi impairs male transmission
Considering that only heterozygotes and wild type plants were
identiﬁed in progenies of the cdi-1/+ line (Fig. 1B), and that CdiRPFPATG TAGA
LBa1
RTU-’3RTU-’5
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1700bp
B C
Col-0    cdi-1/+ 
D Col-0 cdi-1/+    
Fig. 1. Isolation and characterization of Cdi gene. (A) Schematic structure of Cdi and
T-DNA insertion site. Black box represents exon, open boxes represent UTR regions,
dotted line shows intron in 50-UTR. FP: forward primer, RP: reverse primer, LBa1:
left border primer of the T-DNA insertion. (B) PCR identiﬁcation of T-DNA insertion
mutants using genomic DNA. (C) Quantitative RT-PCR analysis of Cdi expression in
pollen, values are mean ± S.E., n = 4 replicates. (D) Relative Cdi mRNA expression
levels in different tissues. Tubulin gene was used as an internal control for
quantitative assay. Values are mean ± S.E., n = 3 replicates.
Male Female KanR KanS KanR/KanS v2 TEf TEm
cdi-1/+ cdi-1/+ 196 189 1.03 0.13 NA NA
WT WT 0 105 0 / NA NA
WT cdi-1/+ 160 164 0.97 0.05 97% NA
cdi-1/+ WT 0 199 0 / NA 0
KanR, kanamycin-resistant; KanS, kanamycin-sensitive; TE, transmission efﬁciency;
TE = KanR/KanS (%); TEF, female transmission; TEM, male transmission; NA, not
applicable.showed a high expression level in pollen (Fig. 2), we suspected that
pollen grains carrying the mutant allele might be impaired. As
determined by the kanamycin selection marker carried by the T-
DNA insertion (Table 1), 196 progeny derived from self-pollinated
heterozygous cdi-1/+ plants were resistant to kanamycin, while
189 were sensitive, ﬁtting an expectation ratio of 1:1 (v2 = 0.13,
p = 0.721). Further reciprocal crosses between the mutant and
wild-type plants showed that when cdi-1/+ plants were pollinated
with wild type pollen grains, the progeny segregated at a KanR:-
KanS ratio of 1:1 (v2 = 0.05, p = 0.824), indicating a 100% trans-
mission efﬁciency (TE) through female gametophytes (TEf).
However, in the reciprocal crosses, where cdi-1/+ pollen grains
were used to pollinate wild-type stigmas, no kanamycin resistant
progeny were identiﬁed (TEm = 0%, Table 1). These results indicate
that the mutation in Cdi prevents the genetic transmission from
male gametophytes to female gametophytes.
3.3. cdi-1 does not affect pollen grain formation
To determine if the lack of male transmission of the mutant al-
lele from cdi-1/+ plants was derived from impaired pollen develop-
ment, pollen germination or tube growth, cdi-1/+ plants were
pollinated with qrt1/qrt1 pollen to generate a double mutant cdi-
1/+;qrt1/qrt1. As shown in Fig. 3, all pollen in tetrads were evenly
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Fig. 3. Pollen grain development in cdi-1/+; qrt1/qrt1 plants. (A) and (B) Alexander’s stain of pollen from qrt1/qrt1 (A) and cdi-1/+ qrt1/qrt1 (B). (C) and (D) Bright ﬁeld imaging
of pollen from qrt1/qrt1 (C) and cdi-1/+ qrt1/qrt1 (D). (E) and (F) DAPI stain of pollen qrt1/qrt1 (E) and cdi-1/+ qrt1/qrt1 (F). (G) and (H) Representative S.E.M. images of mature
pollen from Col-0 (G) and cdi-1/+ (H). Bars = 20 lM in (A–F).
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Fig. 4. Mutation in Cdi impairs pollen germination and tube growth. (A) A representative tetrad from the qrt1/qrt1 parental control line showing four normal pollen tubes. (B)
Representative tetrad from cdi-1/+ showing two non-germinated pollen grains. (C and D) Representative tetrads from cdi-1/+ showing segregation of normal and aberrant
pollen tubes. (E) The graph shows the frequency of tetrads consisting of one or two tubes (0 + 1 + 2) with normal morphology versus three or four pollen tubes (3 + 4). Pollen
tubes were considered aberrant if they failed to grow >50 lm. (F) Germination rates of pollen grains from qrt1/qrt1 and cdi-1/+;qrt1/qrt1 plants. Scale bars = 50 lm in (A–C) or
25 lm in (D).
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was not affected by the cdi-1 mutation (Fig. 3A and B). Similar re-
sults were obtained in DAPI staining, where all pollen in tetrads
contained two sperms and one vegetative nucleus, suggesting that
nuclear division was not affected by the cdi-1 mutation either
(Fig. 3E and F). Further S.E.M. (scanning electron microscopy)
inspection of mature pollen (Fig. 3G and H) or sectioning of anthers
at different developmental stages (Fig. S1) did not show any obvi-ous change in cdi-1/+ anthers or pollen grains. These data indicate
that cdi-1 does not affect pollen grain formation.
3.4. CDI is required for pollen germination and tube growth
Given that the cdi-1 allele was not transmitted through the
male (Table 1), while pollen grain formation was not affected
(Figs. 3, S1), we postulated that pollen germination or tube growth
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Fig. 5. Cdi rescues pollen germination and tube growth in cdi-1/+. Complementa-
tion lines Lat-3–38 and Lat-16–30 were homozygous for hygromycin resistance. (A–
D) Germinated pollen from WT (A), cdi-1/+ (B) and two complementation lines (C
and D). (E) Germination rates of pollen grains from WT, cdi-1/+, Lat-3–38 and Lat-
16–30. Scale bars = 50 lm in (A–D).
1030 H.-M. Li et al. / FEBS Letters 586 (2012) 1027–1031might be affected. As shown in Fig. 4, 65% tetrads from qrt1/qrt1
plants germinated with 3 or 4 normal tubes, and 35% with 62
(Fig. 4A, E). In contrast, 92% tetrads from cdi-1/+; qrt1/qrt1 con-
tained 62 tubes (Fig. 4B, E), while the remaining 8% of the tetrads
germinated with 2 normal tubes plus 1 or 2 aberrant ones with sig-
niﬁcantly reduced growth (Fig. 4C and D). Further analyses showed
that the overall germination rate of qrt1/qrt1 pollen was nearly
twice that of cdi-1/+; qrt1/qrt1 (Fig. 4F). These ﬁndings are consis-
tent with the expectation that 50% of these pollen grains produce
no or abnormal pollen tubes.
To further determine if these phenotypes were indeed attrib-
uted to disruption in Cdi, a complementation assay was performed
by transforming pCAMBIA1300-LAT52/Cdi construct into cdi-1/+
plants. As expected, introduction of Cdi into the heterozygous
cdi-1/+ mutant increased the segregation ratio of KanR/KanS from
1 in progenies of cdi-1/+ (Table 1) to 2 in T2 progenies of the het-
erozygous T1 lines (Table S1, [14]), indicating the ability for male
transmission was restored by Cdi. Consistently, the pollen germi-
nation rate of wild-type Col-0 was signiﬁcantly higher than that
of cdi-1/+ plants (Fig. 5A, B, E), while comparable to those of the
complementation lines Lat-3–38 and Lat-16–30 (Fig. 5A, C–E).
Tube growth of the wild type and complementation lines was
similar. Taken together, these results demonstrated that CDI is re-
quired for pollen germination and tube growth.
3.5. Cdi might encode a cytosolic glycosyltransferase
To further investigate the mechanism of how CDI regulates pol-
len tube growth, bioinformatic analyses were performed, which
showed that Cdi might encode a putative nucleotide-diphospho-
sugar transferases superfamily protein (www.arabidopsis.org). A
Pfam search indicated that CDI may belong to glycosyltransferase
(GT) family 8 (www.cazy.org, Fig. S3A-B), further supportive evi-
dence came from the fact that CDI contains a highly conserved
DXD motif that has been extensively found across diverse GT fam-
ilies (Fig. S3C, [18]). The DXD motif is thought to be responsible for
interacting with Mn2+ (or Mg2+) and hence binding to nucleoside
diphosphate (NDP)-sugar donors [19,20].Several GTs have been reported to be involved in pollen tube
growth, and most of them are localized at the plasma membrane
or Golgi/ER [13–15], though CDI appeared to be localized to the
cytosol (Fig. S2) by transiently expressing the functional
construct pPK100-LAT52/Cdi:GFP in tobacco pollen (Table S2).
Furthermore, Cdi is expressed in several tissues in addition to
pollen, and responds to various environmental stimuli including
iron deﬁciency and Cd2+ stress, and most interestingly to the her-
bicide isoxaben [16], an inhibitor of cellulose biosynthesis. These
observations suggest that CDI might represent a GT that func-
tions to regulate cell wall biosynthesis or modiﬁcation, thus con-
sequently regulating pollen tube growth and possibly other
physiological processes. Consistent with this hypothesis, a Cdi
homologue is found expressed in spores of the fern Ceratopteris
[21], of which the rhizoid grows in a polar manner as do pollen
tube.
In conclusion, we isolated Cdi, encoding a putative glycosyl-
transferase. Functional analyses established a correlation between
cdi-1 and impaired male transmission. We further showed that Cdi
is required for pollen germination and tube growth, but does not
affect pollen development or female transmission.
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